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Topological insulators are a new phase of matter that ex-
hibits exotic surface electronic properties. Determining
the spin texture of this class of material is of paramount
importance for both fundamental understanding of its
topological order and future spin-based applications.
In this article, we review the recent experimental and
theoretical studies on the differential coupling of left-
versus right-circularly polarized light to the topologi-
cal surface states in angle-resolved photoemission spec-
troscopy. These studies have shown that the polarization
of light and the experimental geometry plays a very im-
portant role in both photocurrent intensity and spin po-
larization of photoelectrons emitted from the topologi-
cal surface states. A general photoemission matrix el-
ement calculation with spin-orbit coupling can quanti-
tatively explain the observations and is also applicable
to topologically trivial systems. These experimental and
theoretical investigations suggest that optical excitation
with circularly polarized light is a promising route to-
wards mapping the spin-orbit texture and manipulating
the spin orientation in topological and other spin-orbit
coupled materials.
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The circular-dichroic angle-resolved photoemission spectrum
of Bi2Se3 as obtained by the difference between spectra taken
with left- vs. right- circularly polarized light using a time-of-
flight electron spectrometer.
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1 Introduction
1.1 Topological Insulators Three-dimensional topo-
logical insulators (3D TI) are a new phase of matter with a
bulk band gap but a conductive surface [1,2,3]. The non-
trivial topology of its bulk wavefunction, as defined by a
topological invariant, guarantees the surface states to cross
the Fermi level odd number of times between two time-
reversal invariant momenta. Such topological protection
leads to a linear energy-momentum dispersion of the sur-
face states similar to that of the massless Dirac fermions.
Such surface band structure in the shape of a Dirac cone
may allow many future opto-electronic applications of TI
[4,5,6,7].
Distinct from their two-dimensional version, 3D TI
allows direct determination of their topological invariant
by measuring their bandstructure with surface-sensitive
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2 Y.H. Wang and N. Gedik: CD-ARPES of TI
scattering probes such as angle-resolved photoemission
spectroscopy (ARPES) [8,9,10]. ARPES is a photon-in
electron-out technique which maps the electronic band
structure of a material by measuring the kinetic energy and
momentum of the photoemitted electrons [11]. The first
discovered 3D TI Bi1−xSbx has surface bands crossing
the Fermi level five times and a rather small band gap
[8]. Bi2Te3 [9] and Bi2Se3 [10,12,13] were later found to
possess a single surface Dirac cone. Because of their sim-
ple surface electronic structure and large bulk band gap,
which manifests the topological behavior even at room
temperature, Bi2Te3 and Bi2Se3 have become the refer-
ence materials for the current studies on 3D TI and will be
the focus material of this article.
Besides their unique band structure, the surface elec-
trons of TI are spin-polarized because of the strong spin-
orbit interaction in the bulk. The broken inversion symme-
try at the surface dictates the spin-splitting of the surface
states [14]. The spin polarization is locked to their mo-
mentum perpendicularly, forming a chiral spin texture in
the momentum space with the sense of chirality reversed
across the Dirac point (DP). Surface electrons are also im-
mune from back scattering off disorder and non-magnetic
impurities as a result of their unique spin texture. The spin-
polarized surface electrons of TI provide a promising plat-
form for many applications ranging from dissipationless
spin-based electronic devices (spintronics) [15] to quantum
computation [2,3].
1.2 Spin polarization of topological surface
states measured by spin-resolved ARPES The spin-
momentum locking of the surface states of TI was first
demonstrated using spin-resolved ARPES [13]. Hsieh et
al. have shown that the surface electrons in Bi2Se3 with
opposite momentum have in-plane anti-parallel spin polar-
izations, which are perpendicular to the momentum [13].
Subsequent spin-resolved ARPES experiment by Souma et
al. [16] shows that a spin component normal to the surface
plane is present in Bi2Te3.
In a spin-resolved ARPES experiment, the spin po-
larization of the photo-electrons collected by the electron
spectrometer are determined by their scattering angle with
a gold foil [17]. Spin-resolved ARPES has played a crucial
role in studying the electronic and spin structure of Rashba
type spin-splitting in both topological and non-topological
materials [18]. One challenge with this technique is its
intrinsically low efficiency because of the small spin-
dependent scattering cross section. Typically measurement
along only one of the dimensions of the energy-momentum
space is acquired within the sample lifetime.
Aside from the challenge in efficient data acquisition,
spin-resolved ARPES experiments have not been able to
determine the exact spin-polarization of the surface states.
A first-principle calculation shows that the surface states
are 50% spin-polarized and not energy dependent in both
Bi2Se3 and Bi2Te3 [19]. However, different spin-resolved
ARPES measurements have measured spin polarization of
spindegenerate
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Figure 1 ARPES optical transition diagram with circularly
polarized light. The spin polarization of the initial state and
the helicity of light determines the matrix element and the
intensity (shown as solid and dashed lines).
surface states ranging from 20% [13] to more than 85% on
Bi2Se3 [16,20,21,22]. While lower experimental values
are possible due to unpolarized background and finite res-
olution of the apparatus, fully spin polarized surface states
is not expected in a spin-orbit coupled system. This is be-
cause with the presence of spin-orbit coupling neither elec-
tron spin nor orbital angular momentum is a good quantum
number and total angular momentum (pseudospin) has to
be employed in describing the wavefunctions [23]. Nev-
ertheless, the expectation value of spin in the topological
surface states is directly proportional to its pseudospin [24,
25,26] and for that reason they are often interchangeably
used in TI literature.
1.3 Circular dichroic photocurrent and optical
spin orientation Because a photoemission process is an
optical transition, both the photocurrent intensity and the
final state spin polarization depends on the polarization of
light [27]. Photon helicity dependent photoemission inten-
sity has long been used to probe the symmetry of the initial
state wavefunction in various systems including molecules
[28], heavy fermion materials [29], high temperature su-
perconductors [30,31,32] and recently graphene-related
materials [33]. In spin-orbit coupled systems, the helicity
of light can couple to the spin degree of freedom through
the total angular momentum [27,34]. Excited by left- ver-
sus right-circularly polarized light, the photocurrent from
magnetic materials shows magneto-dichroic intensity [35,
34], which has been widely used in microscopy [36] and
spectroscopy [37] of these materials.
Besides the photocurrent intensity, the spin-polarization
of the photoelectrons also depends on the helicity of light.
For non-magnetic metals with spin-orbit coupling, pho-
toelectrons with non-zero spin polarization are measured
by spin-resolved ARPES [34,38,39]. Circularly polarized
light can also populate conduction band of semiconductors
with spin polarized electrons and is in the essence of recent
developments in optical spin orientation [40,15,27].
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Applying the principle of optical spin orientation to
topological insulators, which also have strong spin-orbit
coupling, we can see that spin polarization of photoelec-
trons emitted from the surface states will similarly depend
on the light polarization and experimental geometry. By
calculating the photoemission matrix element with a light-
coupled Hamiltonian of a spin-orbit system [Fig. 1], first
principle calculations have shown that spin polarization be-
tween the crystal electrons and photoemitted electrons can
be different [41,26]. In fact, 100% spin-polarized electrons
can be emitted from the topological surface states of TI if
polarized photons are employed even though the topolog-
ical surface states are not fully spin-polarized [26], which
is a direct consequence of the nondegeneracy of topologi-
cal surface state. The aforementioned discrepancies in the
magnitude of spin polarization of photoemitted electrons
from topological surface states measured by spin-resolved
ARPES [16,20,21,22] are likely due to the optical spin ori-
entation effect caused by differences in light polarization
and setup geometry. Furthermore, Fig. 2 shows that not
only the magnitude of the spin polarization of the photo-
electrons but also the direction of it depends on the helicity
of light [26,41].
Figure 2 Spin polarization of photoelectrons in dichroic
photoemission from Bi2Te3 based on first principle calcu-
lations. Left (right) column: LCP (RCP) light. Top (bot-
tom) row: EF (EF + 100 meV). The color scale repre-
sents the z component of the spin difference of the photo-
electron, with (red, white, blue) = (negative, zero, positive)
values. The in-plane xy components are visualized as small
arrows. Bold arrows mark the arcs of the warped constant
energy contours (top row) that are discussed in the text.
From Ref. [41].
Knowing that the photoelectron spin-polarization may
be different from that of the initial state, the circular
dichroic ARPES spectra (CD-ARPES) may be an alter-
native for probing the spin-orbit texture of topological
surface states. This will be shown later from a matrix el-
ement calculation of the photoemission process, where
the helicity-dependent intensity directly relates to the spin
polarization of surface states.
2 Mapping of topological spin-orbit texture with
CD-ARPES
2.1 CD-ARPES from the surface states of TI
ARPES provides the capability to directly identify the
states which exhibits circular dichroic intensity. A few
recent ARPES studies on topological insulators using cir-
cularly polarized photons observe strong CD from the
surface states but very weak bulk contribution [42,43,44,
45,46]. These studies focus on the prototypical materials
Bi2Se3 and Bi2Te3, where the surface states have a sim-
ple bandstructure composed of a single Dirac cone [2].
As can be seen from the difference spectra ∆I(E, k) ob-
tained by subtracting ARPES spectra taken with left (IL)
vs. right (IR) helicity [Figs. 3(b),4(b),6(d). (Also Fig. 3(a)
in Ref. [45] and Fig. 3(b) in Ref. [44])], the surface Dirac
cone consistently exhibit momentum-dependent CD pho-
toemission intensity with the sign switched across the DP.
The bulk states, which can be clearly seen in the ARPES
spectra [Fig. 6(b) (Also Fig. 1 in Ref. [42])], is absent in
the difference spectra. It is worth noting that such fea-
tures persist even though the photon energy used in these
studies varies from soft x-ray of the synchrotron radiation
source [42,43,44,45] to the deep ultra-violet regime of
laser source [46]. This strongly suggests that the circularly
dichroic ARPES spectra of topological insulators mainly
originate from the initial states of the optical transition in
the photoemission process.
Sharing this general feature, the CD-ARPES spectra
from the surface states of Bi2Se3 and those of Bi2Te3 dif-
fer in details [43,44,45,46]. Park et al. [43] have observed
CD patterns on Bi2Se3 which reverses sign across the pho-
ton incident plane [Fig. 3(a)]. Furthermore, the radially in-
tegrated difference spectra follow a sinusoidal dependence
on the angle around the constant energy contour [Fig. 3(c)].
In the case of Bi2Te3, Jung et al. [42] have observed a com-
ponent with sin(3θ) angular dependence in the constant
energy difference intensity maps in addition to the sin(θ)
component [Fig. 4]. The much stronger warping effect [24]
in Bi2Te3 than in Bi2Se3, as can be seen from the shape
of their constant energy contours [9,47], suggests that the
modulations in the CD-ARPES spectra of Bi2Te3 is a result
of hexagonal warping [42].
2.2 Geometric effect on CD-ARPES spectra The
exact geometry of the experimental setup is very important
for direct comparison with theory [11]. Ishida et al. have
found that the CD pattern in Cu-doped Bi2Se3 is very sim-
ilar to a strongly correlated material SrTiO3 [44]. Part of
the similarity can be attributed to the identical experimen-
tal geometry at which both measurements have been per-
Copyright line will be provided by the publisher
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Figure 3 Bi2Se3 ARPES difference between spectra taken
with right- and left-circularly polarized light. (a) shows
a constant energy map close to the Fermi level. (b) is
an energy-momentum spectra along Γ -K direction. (c) is
the radially integrated constant energy difference spectra
shown in (a) as a function of angle Ω along the Fermi con-
tour. From Ref. [43].
formed (see Fig. 1 in Ref. [44]). By keeping the same ge-
ometry as the measurement on Bi2Te3 by Jung et al. [42],
the first principle calculation by Mirhosseini et al. [41]
qualitatively reproduces the CD-ARPES spectra which de-
viates from the ideal sinusoidal form [Fig. 4], as can be
seen in Fig. 5.
In order to systematically study how the CD-ARPES
spectra vary with geometry, Ref. [46] has performed CD-
ARPES on Bi2Se3 at various geometries with a time-of-
flight (TOF) electron spectrometer. Unlike a hemispher-
ical electron energy analyzer [11], a TOF spectrometer
[Fig. 6(a)] allows simultaneous measurement of energy E
and both in-plane momentum kx and ky of the photoelec-
trons without sample or detector rotation [48,49,50,51], as
shown in Fig. 6(b). The energy of the electrons are mea-
sured by the flight-time through the flight-tube and the
momenta are imaged by the 2D position-sensitive detector
Fig. 6(b). The capability of keeping the same sample-light
orientation allows direct comparison of the initial states
without having to compensate for the polarization change
while electrons with different momentum are measured.
The CD spectrum taken with a TOF spectrometer at
various geometries is shown in Fig. 6. Consistent with
other results, the bulk states do not exhibit CD regardless of
the sample rotation [Figs. 6(e)-(h)]. In agreement with the
symmetry requirement, the strong CD on the surface states
Figure 4 Circular dichroism ARPES difference spectra
from Bi2Te3. (a) Illustration of Dirac cone of Bi2Te3. (b)
Dichroism in the momentum space at various binding en-
ergies. (c) Constant dichroism map at selected binding en-
ergies of 0, 100, and 250 meV. From Ref. [42].
is odd about the photon incidence plane when it is aligned
with the mirror plane of the sample [Figs. 6(c) and (e)]. The
difference also switches sign across the DP [Figs. 6(c) and
(d)]. At energies far from the DP [Figs. 6(c) and (e)], there
are certain modulations in the difference spectra, which is
not present in energies close to the DP [Figs. 6(e) inset].
This modulation at higher energies changes as a function of
sample rotation angle φ [Figs. 6(e)-(h)] whereas at energies
close to the Dirac point the difference spectra are indepen-
dent of φ [Figs. 6(e)-(h) insets]. The CD-ARPES feature at
low energies independent of sample rotations suggests that
it has the same origin as the common feature shared among
experiments with different geometries and materials [Figs.
3(b),4(b),6(d)], which is closely related to the ideal spin
texture of the topological surface states.
The geometry-dependent features in the CD-ARPES
spectra of Bi2Se3 [Figs. 6(e)-(h) insets] are reminiscent of
the out-of-plane spin texture measured by spin-resolved
ARPES [16]. Scholz et al. have simultaneously performed
CD-ARPES and spin-resolved ARPES on both Bi2Se3
and Bi2Te3 [45]. From spin-resolved ARPES, they have
found that the photoemitted electrons can be fully polar-
ized, consistent with some of the earlier results [16,20,
21,22]. By comparing their CD-ARPES spectra with their
spin-resolved measurements, they show that the two have
similar energy dependence. This finding suggests that cir-
Copyright line will be provided by the publisher
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Figure 5 Circular dichroism from Bi2Te3 by first-principle
calculations. Left and center column: Intensities for left
and right circularly polarized light, respectively, shown as
gray scale. Right column: circular dichroic intensity differ-
ence, represented as color scale. Data for each energy share
a common intensity scale. Arrows mark intensity asym-
metries within selected arcs of the warped constant energy
contours (a)(f). From Ref. [41].
cularly polarized light can couple to the spin of topological
surface states through spin-orbit interaction.
2.3 Photoemission matrix element calculation of
a spin-orbit coupled system Through the inclusion of
a vector potential and spin-orbit coupling in the matrix el-
ement calculation, a quantitative relationship between the
initial state and circular dichroic difference intensity can
be clearly shown [46,26,52]. The Hamiltonian for a sys-
tem with spin-orbit coupling is given by [53]:
H =
P2
2m
+ V (r) +
h¯
4m2c2
(P×∇V ) · s (1)
where P is momentum operator, V (r) is the crystal poten-
tial, and s is the electron spin. Coupling to an electromag-
netic field is obtained via P → P − eA, where A is the
photon vector potential, such that to first order in A:
H(A) = H −P ·A (2)
where P ≡ emP − h¯e4m2c2 (∇V × s). The photoemission
matrix element between the initial and final states is given
by
M(k, f) = 〈fk| P ·A|k〉 (3)
where A ≡ ∫ dtA(t)eiωt is the Fourier transform of
A and |fk〉 is the spin-degenerate final state. The ini-
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Figure 6 CD-ARPES spectra of Bi2Se3 obtained by a
TOF spectrometer and laser source. (a) Schematic of a
time-of-flight based angle-resolved photoemission spec-
trometer. PSD: position-sensitive detector. (b) A typical
iso-intensity surface in (E, kx, ky) space from Bi2Se3 col-
lected simultaneously using linearly polarized photons. (c)
Difference of TOF-ARPES data measured using right- and
left-circularly polarized light. hν denotes the incident pho-
ton direction. (d) E−k cut through the CD data volume in
(c) along the angle denoted by the green dash in (e). (e-h)
Constant energy slices through (c) at the Fermi level and
at 0.1eV above the DP (insets) for sample rotation angles
of φ = 0◦, 30◦, 60◦ and 90◦ respectively. Green hexagons
represent the Brillouin zone of Bi2Se3(111), red lines are
the mirror planes and the arrow denotes the photon incident
direction. From Ref. [46].
tial state |k〉 = uk|φi+〉 + vk|φi−〉 is a linear combi-
nation of two-fold degenerate pseudospin states |φi±〉
at the DP that are eigenstates of pseudospin. Such de-
scription of the surface states is widely used in standard
k · p theory [2,12].The coefficients uk and vk determine
the expectation value of three pseudospin components:
〈Sx〉k = h¯(u∗kvk + v∗kuk), 〈Sy〉k = h¯(v∗kuk − iu∗kvk),〈Sz〉k = h¯(|uk|2 − |vk|2). For circularly polarized light
incident onto the surface with wavevector in the xz
plane, A(t) = (Ax sinωt,Ay cosωt,Az sinωt) and A
= (−iAx, Ay,−iAz). Straightforward application of time-
Copyright line will be provided by the publisher
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reversal and crystal symmetries [46] yields the following
expression for the photoemission transition rate:
I(k) = a2
(|Ax|2 + |Ay|2)+ b2|Az|2
+ a2Im
(AxA∗y) 〈Sz〉k
+ 2abIm[A∗xAz〈Sy〉k −A∗yAz〈Sx〉k] (4)
where a and b are bandstructure dependent complex con-
stants and Im refers to the imaginary part. Circular dichro-
ism is obtained by taking the difference of Eq.(4) with op-
posite photon helicity (Ay → −Ay):
∆I = a2Im(AxA∗y)〈Sz〉k − 4abIm(AzA∗y)〈Sx〉k (5)
Eq.(5) suggests that the modulation in the difference spec-
tra is due to the presence of 〈Sz〉.
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Figure 7 Extracted complete spin maps from CD-ARPES
on Bi2Se3. (a) x, (b) y and (c) z components of the spin-
texture over the complete surface states obtained by sum-
ming or subtracting ∆I data volumes at different φ. Color
maps were created by integrating the data radially in k-
space over a ±0.015A˚−1 window about the surface state
contours at each energy. Constant energy cuts at the Fermi
level for each spin component are shown directly below in
(d) through (f). From Ref. [46].
2.4 Spin-orbit texture of topological insulators
The derivation of the CD-ARPES intensity provides a
method to extract each spin component. Although the CD
spectra is a linear combination of 〈Sx〉 and 〈Sz〉, they can
be disentangled by considering the following symmetries
of Bi2Se3(111). Time-reversal symmetry and three-fold
rotational symmetry together dictate that 〈Sz〉 flips sign
upon a ∆φ = 60◦ rotation while 〈Sx〉 stays unchanged.
Taking the difference (sum) of CD patterns ∆φ = 60◦
apart isolates 〈Sz〉 (〈Sx〉). The 〈Sy〉 component is trivially
obtained by performing the procedure for 〈Sx〉 under a 90◦
sample rotation.
All three spin components are obtained [Fig. 7] by tak-
ing the difference or the sum of the difference spectra at
various sample rotations [Figs. 6(e)-(h)]. It can be seen
from these maps [Figs. 7(a) and (b)] (also see Fig. 3 in
Ref. [46]) that at energies within ± 0.1 eV from the DP,
the in-plane spin component follows a sinusoidal depen-
dence on the angle θ around the constant energy contour.
Considering that the out-of-plane component is largely ab-
sent in this regime [Figs. 7], the spin vectors form a helical
spin texture in the momentum space with the sense of ro-
tation reverses above and below the DP (see Fig. 3 in Ref.
[46]). The out-of-plane spin component starts to develop
in the high energy regime [Figs. 7(c) and (f)]. The magni-
tude of the out-of-plane component as a function of energy
〈Sz〉0(E) as extracted from Fig. 7(c) agrees well with the
prediction of k · p theory to the third order [24]. However,
there are also modulations in the in-plane component at
the high energy regime [Figs. 7(a),(d)]. Ref. [46] finds that
such modulation may be caused by canting of the in-plane
spin component (see Fig. 4 in Ref. [46]), which is shown
by first-principle calculations to be induced by higher order
terms in k · p theory [54].
The expectation value of orbital angular momentum
can also be related to the CD-ARPES spectra of topologi-
cal surface states. Through first-principle calculation, Park
et al. found that the sinusoidal form of the radially inte-
grated CD spectra is consistent with a non-zero orbital an-
gular momentum [55,43]. The finite orbital angular mo-
mentum is essential for the strong Rashba effect of the sys-
tem [55], giving rise to the spin-momentum locking of the
surface states. One interesting result of this work is that the
orbital angular momentum is found to point in the opposite
direction of the spin, which suggests that the surface states
of Bi2Se3 have total angular momentum J = 1/2 [12,55].
2.5 Generalization to other Rashba systems The
above treatment of the photoemission matrix element can
be generally applied to spin-orbit coupled systems interact-
ing with polarized photons. Therefore, it is equally suitable
for the extraction of spin-orbital texture of topologically
trivial materials from their CD-ARPES spectra. Among
them are the quantum well states and surface states on
metal surfaces that exhibit strong Rashba spin-splitting
[56].
Bahramy et al. [57] have performed CD-ARPES mea-
surement on both topological surface states and quantum
well states. The quantum well states are derived from
the two-dimensional electron gas (2DEG) confined in the
band-bending region by depositing potassium onto Bi2Se3
[58,59,60,61,62]. The modulated spin texture of the topo-
logical surface states extracted from their CD-ARPES
spectra [Fig. 8(a)] is consistent with the earlier result [46].
Despite not being topologically protected, the quantum
well states also contain rich spin texture with both in-
and out-of-plane components [Figs. 8(b) and (d)]. Further-
more, the spin texture on consecutive Fermi surface sheets
exhibits alternating left-right helicity [Figs. 8(b), (d) and
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(e)]. Such a unique spin texture indicates that the outer and
inner branches of the 2DEG states do not merge with each
other at large k-vectors, in stark contrast to conventional
Rashba systems [57].
Strong CD-ARPES spectra have been observed on
the surface and quantum well states of the thin film het-
erostructure Bi/Ag(111) [52]. Topologically trivial, Bi is
a semi-metal with strong Rashba splitting on its surface
bands, which can be seen in Fig. 9(a) as the pair of con-
cave parabolic bands. The convex parabolic bands are due
to the quantum well states from the 20-ML Ag film. From
Figs. 9(d)-(f), we can see that the extracted spin texture of
the Bi surface states is consistent with what is measured
with spin-resolved ARPES on the same system [18,63,
64]. Interestingly, the unpolarized Ag quantum well states
also exhibit CD about Γ [Fig. 9(d)] which is due to the
interference with the surface states [52].
3 Summary and outlook In summary, we have re-
viewed the recent experiments and theories on using cir-
cularly polarized light for ARPES to study the spin-orbit
texture of topological materials. These studies have shown
that the helicity of light and the experimental geometry di-
rectly affects the momentum-dependent surface state pho-
toemission intensity and spin polarization of photoelec-
trons. The features in the CD-ARPES spectra are quanti-
tatively consistent with matrix element and first principle
calculations, which provide a general method to extract
vectorial spin-orbit texture from materials with Rashba
spin-orbit coupling.
The coupling between the helicity of light and the spin
texture of TI suggests many opto-spintronic applications.
For example, topological insulator can be exploited as a
spin-polarized electron source, from which arbitrary mag-
nitude and direction of spin polarization can be generated
by changing the polarization of light [26]. There are also
numerous proposals to use circularly polarized light to se-
lectively couple to the surface states to generate surface
spin waves [65] or spin-polarized currents [66,4,6].
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Figure 9 Photoemission results taken from Bi/Ag based on
a 20 ML Ag film. The data were taken along K − Γ −K
using 22-eV photons and (a) HP, (b) LCP, and (c) RCP po-
larization configurations. (d) Dichroic function extracted
from the data. (e) Calculated band structure weighted
by the spin polarization inherited from the Rashba split
surface states using red and blue colors. (f) Calculated
dichroic function. From Ref. [52].
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